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The Alzheimer's disease p-amylold peptide (Ap) Ib pro- 
duced by excision from the typo 1 Integral membrane 
glycoprotein amyloid precursor protein (APP) by the se- 
quentlal actions of (i- and then v-socrelases. Here we 
repoa that Asp 2, a novel transmembrane aspartfc prote- 
ase, has the key activities expected of p-secretase. Tran- 
sient expression of Asp 2 In cells expressing APP causes 
an Increase In the secretion of the N-terminal fragment of 
APP and an Increase In the cell-associated C-lermlnal 
p-secretaso APP fragment. Mutation of either of the puta^ 
tlve catalytic aspartyl residues In Asp 2 abrogates the 
production of the fragments characteristic of cleavage at 
the p-secretase site. The enzyme Is present In normal and 
Alzheimer's disease (AD) brain and Is also found In cell 
lines known to produce Ap. Asp 2 localizes to the Golgi/ 
endoplasmic reticulum In trensfected cells and shows 
clear colocallzatlon with APP In colls etably expressing the 
761^mlno-acld IsoTorm of APP. 

INTRODUCTION 

ProducHoii and deposition of the 39^ to 43-residuc ainy- 
loid-li protein (AP) in tlie brain are early and uwariant 
neun^pnlhoJogical featuits of Alzlifiimor's di5;(^asc (Glenncr 
and Wong, 19M). Ap is pnxiiia>d. by cleavage of tlie 
amylojd prxxiu^n prott^in (APP). APP Ls a siibstralc. for 
or P^secrctase activities wHch JvJc-ise soluble JM-tcrniinal 
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fragments of tlx; pioloiji, sAPPa and yAPPp {Se\k(K% 1994). 
The resulting membranc-anchujrd C-terminal fragments 
(CTFoi and Cl'Fp) are suKslralcs for 7-i;ecrclase; cleavage of 
CTPa gives rise to the peptide p3 and cleavage of 
CTF(3 givc^ rise to the 4-kDa Ap peptide. The secrctast:^ 
involved in the processing of AP]^ have not be<m isoblcd 
but inhibitor studitvs suggest thal a-secretatKus ametalloprt)- 
toinase (Porvatliy et al, 1998). A niunbei* of cajididate 
p-sec:rctascs liave becji proposed and sxjbscquejitly elimi- 
nated; tliesc? ijickide the pnoteast^me (Isliiura et ai, 1989), tJie 
metalloproteinasc U\imet (McDermot d al, 1992), scrveral 
chymotrypsin-like serine proteases (Nelson cX al, 1993; 
Saivisrabudlic el al, ] 993; Savagv> et al, 1994), the melallopro- 
feinascs MP78 (Tliompwn cl ah, 1997) and MP] 00 (Hiiber ct 
al, 1999), and cathepsm D (l-adrar cf. al, 1994). Recently it 
has been n^ported that prcsenilin-J is eiU^er a unique 
diaspartyl cofactor for 7-seca^tasc or ^-isecaitasc ilself (Wo) fe 
et a],, 1999). Tlic p-s^xivlasc cleavage event has bwn shown 
to occur within sjxxrific compartments of the endomem- 
brane systiTO, including die rough eaidoplasmic irliculiun 
and H\e trans-Golgi network (Hartmann d at., 1997; Cook d 
1997; Wild-liode d aK 1997). Ap is generated at a slow 
rale intraccUularly prior to its secretion and an ijilraneuro- 
nal pool of Ap has bwm irported thai occuInulat^^s wiU\ 
time ii^ cultured cells (Skovronsky d at., 1998). 

We have previously reported the identification and char- 
acterixalion of a novel transmembrane aspartyl proteinase 
which we havc! termed Asp 2 (liat shows Wgh levc;ls of 
expression in brain and pai\creas (Europc^an Patent Applica- 
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lion E1W55444, SmithKIine licc^am). We show heiv that 
thus ci^zynie hfls the key characterisitics expwled of B-sccx«- 
tase and conclude that this is the major cdJiJar activity tlwt 
catalyzes cleavage oiAV? at the p^ii«. 

RESULTS 

We have idcnUfied a novel mciTibrancyboimd aspartyl 
pro(ea,sc (A.sp2) using a proprietary EST database, and 
subsequently cloned the full-kmgQi cDNA from a mela- 
noma Marathon-Ready cDNA preparation (Clonlech l.tbo- 
ratorxas, Inc.). The auuno add sequence of this protease is 
shown in Fig. la. The sequence features of Asp 2 indicate 
that It is a novel aspartic protease liaving a cleaved signal 
pephdc, a prodomain segment, a catalytic domain that 
Identifies it as aii aspartic pix>tc.ise, a putative trnnsm«nv 
brane domain, aixd a cytoplasmic carboxy-temiinal domain 
(Figs, la and lb). As stand in tlic Litnxluclion, «- or 
p-sccretasc activities release soluble N-termii^al frac- 
ment^ of AlT (sAPI^„ and sAPPp), leavitig the mem- 
brane-anchored fragments (CTP« and CTF(i). CJeavage 
by T-^ecrclase of CTPa ai^d Crpp gives rise to the 3-kDa 

fn'^ f I'-'.V"'^ P^Plide, .vs],cctively 

(Pig. Ic). 1 he predicted topology of Asp 2 is shown in 
i ig. Id and is ba-sed upon the jjresena; of putative glycosyl- 
ation sittw in the amino-tcrminal domain and protease 
digestion studies of protein translated in vitro in the 
presence of dog pancreatic microsomes (data not shown). 

iransient tran.sfedion of SH-SY5Y APP-695 cells with 
Asp 2 (Pig, 2a) rcsiUts in a significant incivase in the 
secrctmn of sAPPp (Fig. 2b) consistent with Asp 2 being 
p-secretase. To demonstrate that this increase in 6AP]>3 
IS linked to the proteolytic activity of Asp 2, we mutated 
each of the proposed catalytic aspartic re.sidues at 
positions 25 and 215 (detcrn^ined by comparison with 
the po-sition of the kiwwn catalytic aspartyl residues in 
pepsin) to asparagine. Both mutants and the wild-type 
Asp 2 arc exprcissed to similar levels (Pig. 2a). However 
expression of either of the Asp 2 mutants does not 
produce the mcrcase in the secnition of sAPPli (Pic 2b) 
seen for wild-type A.<!p 2, In contrast to tWs clear effect 
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on sAPPp, Asp 2 tias no effect on the secretion of soluble 
APPa or on full-length APP in the cell (data not shown). 

Cathcpsin D is an aspartic proteinase which has been 
shown to cleave a synthetic p-secretase cleavage peptide 
at the p-secretase site (Chcvallier el nl., 1997), Tl>erefore, 
as a further control, we traiisiently expressed cathepsin 
D in the SH-SYSy APP-695 cells. Cathepsin D is ex- 
pressed as a 52-kDa proenzyme and a 34-kDa form (Pig. 
2c), whidi in conjunction with the 14-kDa fragment 
constitutes the en/,ymatically active proteinase, In con- 
lra.st to the expression of Asp 2, cathtipsin D does not 
cause an increase in the secretion of sAPPp <Pig. 2d), 

The production of distinct carboxy-terminal frag- 
ments is diagnostic for cleavage of APP at the p-secre- 
tase site (Selkoe, 1994). Por example, exprcasion of a 
|il-secrctase candidate would result in an increase in the 
level of CTPp with no effect on the level of CTPa 
(Fig, 3a). To exaniiite the production of these fragments • 
we used an antibody (Ab54; Allsop el al, 1997) that 
recognizes both CTFu and CTFp and an antibody (W02; 
Ida d al, 1996) that specifically Kx;ogni2es the carboxy- 
terminal fiagmentprodviced by p-sccretase deavagc. Asp 2 
was transiently trajisfected into COS-7 APP.751 cells and 
into COS-7 APP.751 celk stably expnissing the Swedish 
mutation KM^'-^NL Q.iam et al., 1997). The levels of Asp 2 
expivssion are similar m all transfection experiments (Figs, 
3b, 3e, a]\d 3h) and tl\e pjx>tci]i can be secai to migrate as a 
doublet consistent with glycosylation as described above, 
Cathejisin D again served as a control and appcare as two 
bands (Fig. 3h). As shown in Figs. 3c, 3f, ai\d 3i, 12- and 
10-kDa bands are. detected in both stable cell lines by Ab54 
rej.iresenting CIPp and CTPa. However, the levds of CTPp 
are significantly dcvaled in both cell lines when Asp 2 Ls 
transitnitly expn;sscd (Pigs. 3c, 3f, and 3i). h\ contrast, 
tran.<!iaH transfection of cathepsin D does not load to an 
incitasc ii\ the production of CTTp (Pig. .3i). Using antibody 
W02, wliich is specific for ixjsidues 5-9 of human Ap, only 
the 12-kDa fiagment is detected, thus confirming the iden- 
tity of this fragment as the C-tcrnunal fragment produced 
by the action of p-secretase (CTPp). Tlic lO-kDa fi-agmwil 
band is not immunoivaclive with this anUbody and ttiis fact, 
combintxi with its molecular wciglit, identifies it as CTPa,' 
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61 



Alp2 



N3AAlTESD^KFFJAi25NWEGJU;i^yAmRPr>Usr.EPFFD8LVK^^^ il6 
-ItXiLSErRPGSFLYVAPFDC3LGLAyp.SISS^»gGATPVFDNiWNOGLV.^gDLFSVyi.6 218 



P«p«lr« 



GAGFPL/ve5EVlASVGGSMlIGGJDH8LYTGSLWYTPJRRfcWYyEVX:VRVEJNS0l>LKW «76 
'^^'"^'^"-^ ^^'^VVIFGGIDSSyyTGSLKWVPVmGyWQn'VDSITNNCEAI- 266 



Aap2 
Papain 



OCKEyNyDRSIVDBbTTNma>KKVFeAAVKSIKAASSTf;KFPDGFW)X;i;QLVC^^^^ 336 
ACAEG^.CQAIVDTOTSLM'GPTGPlANIOSr.5CA^-~~.SKNSDGDMVV^.^-.SC3AlSSL 317 



Xapz 



PWNlFPVlSI,YLMGEVrwp5FRinL-<PQQYI.RPVEr^VATSQDDCYRFAISQ.^.SSTGT 



392 



-DIVniNGVQyfc'VDrSAyUK?5EGSC3 8GFQGkNl.mSGE 359 



A»p2 
^«p«ln 



"-VMGAVIMF;GrYVVrrJhARKR3GrAVSACHVHDEFRTAAVEGPFVfLDMEDCGYNIPQT 4B0 
LWII.COVf'lRQYrrVFf)fV^NNQVGLArVA* 
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tht! C-terminal /ragment produced by the action of 
a-sccretase. Wc liavc been unable to detect i}»e C-terminal 
fragment pmduad by the acHon of rsccretasc. This imy bv 
due to tf,c low Jcvels of tliis fragmcml or ife rapid degrada- 
tion m the cell. * 

To confirm that the increase in pivductlon of CTFS is 
due to the prot«olytic activity of Asp 2, we investigated 
"L^^'Prossing the acHve-site mutants oi^ the 
eve 6 0/ CTFp in COS-? APP-751 ceUs. TiAe expression 
levels of wild-type Asp 2 and tlxe D25N and D21SN 
mutants m the COS-? APP-75] cells differ in that the 
expression of the two Asp 2 mutants is sJighHy lower 
han that of wild-type Asp 2 (Fig. 4a). However, while 
there 13 a significant increase in the production of CTFB 
:n the pirsencc of wild-type A^p 2, there is no incn^se in 
tlw presence of the mutant enzymes (Fie 4b) The 
Identity of CTPp is again coixfirmed by immt^nodetec- 
tion with W02 (Fig. 4c). Prolonged exposun^s of the 
nnmiuioblots failed to reveal the production of any 
u, V P'^*'^"*^*^ of mutant Asp 2 (data not shown), 
We have examined the distribution of Asp 2 in AD 
hippocampus using a polyclonal antiserum raised to a 
peptide sequence derived from A.<*p 2 (sec Experimental 
Methods). We see clear neurimal staining but there is no 
staining associated with astrocytes; microglia, or piigo- 
dendrocytc-6 (Pigs. 5a and 5b). While some neu^ns 
appear to be more intensely labeled than others, they all 
sliow a .similar staining pattern with the immunoi^activ- 
ley localizing to the cytoplasm of tlie perikaryon and 
dendrite 01 Jy The dendritic staining raivly extends 



beyond 10-15 pm and no axonal labeJing is observed, 
Witiiin the positive cell bodies themselves, the staining 
IS nonuniform .showing .slight granularity. Intraneuronal 
staining is alsi) evident in frontal and temporal cortex 
and in brain fron\ aged aaitrol subjects (data not shown). 

Using the same anti-peplide sera we can detect 
expression of endogenous Asp 2 in SH-SY5Y cells stably 
expressing the 695 isoform of APP (SH-SYSY APP-695) 
and in COS'7 cells exprt;ssing the 751 isoform of APP 
(COS-7 APP-75J.), Hie level of Anp 2 is incivascd upon 
transient liansfeclion with the protein. Endogenous and 
transiently expressed Asp 2 is present as a major band at 
6.^ kDa. Upon prolonged exposuix; of the immimoblot a 
weaker brnid at 60 kDa is evident. DeglyccKsylalion experi- 
ments reveal that th(isc; two bands are differentially glyco- 
sylated forms of the some protein (data not shown). 

CoiTsisbt;nl with .st!vcraln?p<)rls (Kuentzclc/fl/., 1993; Walter 
et nL 1996), APP clearly localizes to the Golgi/endoplasmic 
rehculum region as revealed by distincUve juxtanuclear 
staining and a moiv generalizxxl reticular staining llirough- 
out the coll (Figs. 6b and 6g). Asj? 2 ."diows essenHally Uie 
same suba^lUUar distribution as revealed by simultaneous 
detection of n/yt^tagged Asp 2 and APP in COS-7 APP.751 
cells (compare Figs. 6f and 6g), and merging of the wnfocal 
images for APP and Asji 2 indicates colocan7xiaon (Rg. 6h). 
ColocalizatifMi is indicated by a ycIlow-cM-ange signal the 
relative levels of the two original signals dclermiixing' the 
fmal cobr (Fig. 6h). Interestingly, Qie cokxralization is not 
absolute; APP can be detected more readily towani the cell 
periphery than Asp 2 (uppermost ct?.U in Pigs, 6b, 6g, and 
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h\^f t i! and caihcpsm D expression on APP CTF produckian. Cells were trausioclGd in triplicate and lysed 4a h later for Western 

wo RnalyBifi with an cint -HIh antibody or an anti-calhepsin D antibody, (a) Schematic diagram showing the dctccUt>n 0/ the APP CTPs 
cm ^a") P 7^ r 1 ^^^^ '^^'^en^^*^ CTPa and CTPp, whei^as W02 only rccogni^ CTPp. (b and e) Bxpressioj^ of Asp 2 in 

roc 7 aId'^i ' the Swedish mut«tion or COS-APP-751 c«I1k, i^spectlvcly compaivd to vector h. Bxpression of MhcpsUx D (Cat D) in 
r4i /in 1,^ V -.^ ^'^'^^P ^' ^' '^^^'^ <^^i^c\^d by AbS4, an anti-C-f erminal APP antibody which recogniz^.^ OTp (12 kDa) and 

. ^ ' ^^'^^f ^ ^" an RoriunulaHcm of tlie )2-kDa OTP bx C0S^7 APP-751 Swedisli mutaiU ccUb (c) and in COS^7 APP-751 

Ofllfi (0. Thei^^iio^uch Rcciunubtiort of Crpp iiiccUrt tran^f^^ 

to vecioi^tfonflfected or cathep^in Wransfcctod ce.lls as detected with anHlxwiy W02 (n;a)gni7^ widiies M of hiunan Ap). 



6h). l>i)s suggests that these two proteins may scgnrgale as 
they arc processed and transported within the cell. The 
distribution of bolih of the-sc proleii^ is quite distii^ct from 
flic distributioji of markers thai define the eaj'ly endosomc 
(Fig. r>d) and the endoplasmic reticuJum (Figs. 6a and 6c). 

DISCUSSION 

Here we report the chfli'actcrtzation of a novel trai^smem-: 
branc aspaitic protease wliich cai^ function m the p-seca^- 



tasc cleavage patliway of APR Tl\c pioieinase has many of 
the expected charactcnsticfi of p-secretase, in that it Is 
present in the bj^iii aiid colocolizes with APP in the 
Golgi/endoplasiTuc reticulum of cells. TVansfection of Asp 2 
into APP-cxpres&ing cells i^ojlts in aii increase in tl^ 
P-tiCaxrtase activity In cells, such that more sAPPp is se- 
creted into the medium and there is an accumulation of the 
P-secrelase-derlved C-ti^rminal fragment in cells. To show 
that Asp 2 encodes a functiomig protease in cells, we havie 
mutated the two putative active-site aspartic residues. Ex- 
pression of thej^i mutant Asp 2 proteins did not result in 




V , , ^ 12kDaCTFp 



12kDa CTFp 



2^r«ns ccted celln (WT) a, detnded with Ab54. Th." is no inSUt C^r^^^ T, . T''']'" ''^ ^'IVp In tir,e As, 



Uglier an mcmse m sAPPp secretion or accumulation of 
CI hp. This confirms that expression of Asp 2 produces a 
fimchonnl protease that reqiures the presence of bolli 
catalytic aspartic residues. Our data suggest that ^-sccre- 
tase^is rate limiting in the expression systans wc have 
used as wc observe a significant increase in CTFB, the 
substrate for rsecretast,. In addition, it has been re- 
ported (Uormcneit et al, 1998) that APP bearing the 
Swedish mutation results in an accumulation of to - 
aJlular Oternimal amyloidogenic fragments which 
may be important in the pathogenesis of AD. Asp 2 may 
be p.seciotase Itself or it could act upstn^m of p-secxc- 
tase as part of a proteolytic cascade leading to the 
production of Ap. However, we currently favor the 
notion that Asp 2 is (J^secretasc. Whatever tiie precise nile 
ImuT ^Kt^ cleavage pathway of A1>H our 

results would suggest that inhibition of its pmieolytic 
activity repn'^ents a lu^ftU therapeutic target in tlie t.4t- 



EXPERIMENTAL METHODS 

Plasmlds and Transfeetlons 

Asp 2 was cloned into pcDNA3.1„7yc-His for traiisient 
expression in the mammalian cells. Cathcp.sin D was 
expre-ised using a plJEH-pacl8 vector. Asp 2 active- 
site mutants (D25N and D215N) were constructed wiQi 
the Slratagene QuickChange mutagenesis kit. Mutants 
were Sequenced to ensure the presence of the desired 
active-site mutation. For transient transfection, SH- 
Aol ^^'^'-^^^ '^^"s and C09-7 APP.751 or COS-7 
API -751 ceUs with the Swedish mutation were trans- 
fectcd using Llpofcctaminc PIu.s reagent (Life Technolo- 
gies) as dciscribed by the manufacturer. Twenty-four 
hours posttiansfection, the medium was changed to 
OptiMEM-1 (10 n\l). The medium was collected 24 h 
later, centrifuged briefly (500^ for 10 min) to remove any 
cells, and then concentrated using Cenlriprep 10 concentra- 
tors (Amicon). Cells were harvested and lysed by 
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hippoc«mp„5. SeciJoi^B of tissue /mm an Alzheimer's disease pnlic^t (feznale, 

Srele bars iicprcsont IfK) pm in (a) and 15 
, ruKptirtively. Cells were untransfecied or «rflns/c*;ted 



» J: . nTr ^ V A-P""fied polyclonal anilscrum raiRe.d (0 sequence 121-130 of Asp Z Srale bars 

wl a2 . TT''" f SH-SY5Y APP-6y5 cell, .nd In (d) COS.7 APP-^Sl cells. renpucHrely. Cell were 

with Asp 2 and harvested 4ft h postlransf^cHon for Wc^st^rn blol aiulyniB with the antl-Asp 2 peptide anti»;.rum 



incubation for 30 mill at 4*C in 50 mM Tris-HC). pH 7.4, 
1% Triton X-lOO containing a cocktail of protease inhibi- 
tors (Bochringw -Mannheim). After ccntri/uga tion (3000^ 
for 5 min), the supernatai\t was aspirated and stored at 
-20«C until assayed. 

Immuttoblotting 

Pixjleins in the cell lysale (20 pg) or media (15 pi of 
20-fold conccnlrated media) were re.salvcd on 107,. 
IVis-glydnc or 10*20% IVis-tricine-SDS-polyacryl- 
amldQ gels (Novex), Polyvinyl idene fluoride (PVDF) or 
riirroceUulose immunoblots were probed with an anti- 
I'Hse antibody (Boehringer-Mani^ieim), antibody Ab54 
raised lo the C-lerminus of APP, antibody W02 (raitjcd 
to amijio acids 1-16 of (he A$ domain of APP), antibody 
1A9 (raised (o the ncoepitopc region of soluble APP 
generated after cleavage by p-sccretat;c: LeBrocquc cl al, 



1998), or a monoclonal antibody lo human cathepiJin D 
(Calbiochem). Protein A-purificd rabbit polyclonal anli- 
senim to a KLH conjugate of Asp 2 sequence RDL- 
RKGVYEP (amino add sequence. 1 21-130) was also 
used to detect Asp 2 in cells. l3ound antibody was 
detected using a peroxidase-conjugaled secondary 
anlibody (vSigma) and with an additional peroxidase 
ai^ti-peroxidasc antibody for Ihe membranes probed 
with antibody 1A9 in conjujiction with the enhanced 
chemiliUTUJ^escencx: (ECL) detecKoh mclhod (Amer.sham), 

Subcellular Localization 

A cDNA encoding Asp 2 wi(h a viyc epitope (ag 
was transfected into COS-7 APP-751 cells. CelJf* were 
fixed and processed for indirect immunofluorescence as 
described (Spector, a al, 1998). APP was visualised 
using the anti-C-ierminal anlibody Ab54. Control 
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PIG, 6. Subcellular lorall^atlon C)/ Asp 2 and APR myc epitope^ ta^'sed Asp 2 was tranufected into COS-7 APP-751 cells. Antigens were detected 
using antlbodicfi Kpeclfic for myc, APP, and a number of mafkura for defined >uba.Iluler comparhticntH (krc Hxperimcnla] Methods), (a) 58K GoJgi 
protein, (b) APP, (c) Asp 1. (d) Barly end.>«;onie anrigen 1 (HBAl). (e) FCDBl. (0 Asp 2. (g) APP fh) Mej^ged image of f ond g showing sigrxiQcanl 
colocoHfcfltion(yollow)ofAsp2andAPP. & t> o © a 



antibodies were monodonal anti-Golgi 58K prolem 
from Sigma, monoclonal early endosome antigen 1 
(EBAl) hvm TVansduction Labs, monodonal anti- 
KDtL from Strcssgen, and monoclonal anti-A4yc 
from Sanla Cruz Biotechnology. Detection was 
wjth Alexa 4(58-labeied anti-mouse or Alcxa 56'8-labc)Gd 
anti-rabbit antibodies from Molecular Probes* Micros- 
copy was carried out usinfj a Leica confocal micn^scope. 



Immunohlstochemlstry 

Ten-micrometer sections of paraformaldehyde- 
fixed hippocampus and frontal and temporal cortex 
fmm two Alzheimer's disease patients (female, ages 
62 and 89) and two aged controls (female, ages 80 
and 86) were reliydrated and labded with the poly- 
clonal antiserum to Asp 2 by incubation overnight at 
4''C. Subsequent procesiJing used the biolin-avidii'i syti- 
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tern (with blotinylatcd goat antJ-rabbit antibody) and 
the chromogcn diammobenzidine (Vector Laboratories). 
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me added in pmf. While our work was under review, Vassar and 
col eagucs {Science 28& 7i5-7il) published a report of p-socretase 
aclivity associated with a tranHmentbrane aspiirtyj proteinase ihM 
ihey designate HACC. Our data indicate that Asp 2 and BACB ait: the 
same enzyme. 
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